In honey bees (Apis mellifera), the epigenetic mark of DNA methylation is central to the developmental regulation of caste differentiation, but may also be involved in additional biological functions. In this study, we examine the whole genome methylation profiles of three stages of the haploid honey bee genome: unfertilised eggs, the adult drones that develop from these eggs and the sperm produced by these drones. These methylomes reveal distinct patterns of methylation. Eggs and sperm show 381 genes with significantly different CpG methylation patterns, with the vast majority being more methylated in eggs. Adult drones show greatly reduced levels of methylation across the genome when compared with both gamete samples. This suggests a dynamic cycle of methylation loss and gain through the development of the drone and during spermatogenesis. Although fluxes in methylation during embryogenesis may account for some of the differentially methylated sites, the distinct methylation patterns at some genes suggest parentspecific epigenetic marking in the gametes. Extensive germ line methylation of some genes possibly explains the lower-than-expected frequency of CpG sites in these genes. We discuss the potential developmental and evolutionary implications of methylation in eggs and sperm in this eusocial insect species.
INTRODUCTION
One of the most intriguing discoveries of the honey bee (Apis mellifera) genome project (Weinstock et al., 2006) was the identification of a fully functional DNA methylation system (Wang et al., 2006) . DNA methylation is a widespread biological phenomenon in which a methyl group is covalently bonded to a cytosine residue in a DNA molecule (Bird, 1980; Glastad et al., 2011) . DNA methylation occurs via the action of DNA methyltransferase enzymes (DNMTs) (Law and Jacobsen, 2010) . Once a site has been methylated by the de novo methyltransferase DNMT3, the epigenetic mark is retained through mitotic cell divisions by the maintenance methyltransferase DNMT1 (Law and Jacobsen, 2010) . DNA methylation occurs most frequently at 5 0 -CG-3 0 dinucleotides, referred to as CpG sites (Gonzalgo and Jones, 1997) .
The functional consequences of DNA methylation are variable, depending on the genomic context. If methylation occurs within a promoter region, transcription can be repressed, leading to gene silencing (Bird and Wolffe, 1999) . By contrast, if methylation occurs within the body of a gene, methylation can be associated with active transcription and differential gene splicing (Elango et al., 2009; Foret et al., 2012) . In most species studied to date, DNA methylation is crucial for development and cellular differentiation, modulating the regulation of gene expression in different tissues (Paulsen and Ferguson-Smith, 2001; Bonasio et al., 2010a) .
A honey bee colony comprises two female castes: a single fertile queen and several tens of thousands of sterile female workers. There are often several hundred male drones present as well. Queens and workers are derived from fertilised (i.e. diploid) eggs, whereas drones arise from unfertilised (haploid) eggs. Embryogenesis of unfertilised eggs is initiated by the physical squeezing as the egg passes down the oviduct (Sasaki and Obaru, 2002) . The embryo develops from a single maternal cell within the egg, and embryonic DNA is readily detectable by PCR about 24 h after the egg is laid (Roth, K. M., Honours thesis, University of Sydney, 2013). The egg develops for a further 48 h, whereupon the larva hatches from the egg. Male larvae pupate after five days. Spermatogenesis is completed during the pupal stage before the seventh day of pupation (Snodgrass, 1956) .
Queens and workers arise from identical eggs, and their developmental trajectory is determined by the level of larval feeding (de Wilde and Beetsma, 1982; Kucharski et al., 2008; Shi et al., 2011) . Queen larvae are fed a superabundance of 'royal jelly', whereas worker-destined larvae are progressively provisioned with a more Spartan diet (de Wilde and Beetsma, 1982) . Nutritional differences between queen-and worker-destined larvae affect the degree of DNA methylation and consequently the differential development of the queen and worker castes. Knockdown of the A. mellifera Dnmt3 gene by RNA interference results in the development of a queen phenotype from worker-destined female larvae (Kucharski et al., 2008) . There are extensive differences in the methylation patterns of the brains of adult queens and workers (Lyko et al., 2010) and between worker-and queen-destined larvae (Foret et al., 2012) . In adult worker subcastes methylation shows reversible plasticity and is thought to be involved in the behavioural transition from nursing to foraging roles (Herb et al., 2012) .
Compared with unmethylated cytosines, methylated cytosines are highly mutable, resulting in an increased frequency of deamination to thymine (Duncan and Miller, 1980; Gonzalgo and Jones, 1997; Yi and Goodisman, 2009 ). Thus, if a gene is frequently methylated in the germ line, an overall depletion of CpG sites is expected over evolutionary time Park et al., 2011) . By contrast, genes that are infrequently methylated in the germ line are expected to show a higher-than-expected frequency of CpG sites (Bird, 1980; Bock and Lengauer, 2008) . Supporting this hypothesis, a number of invertebrate genomes show bimodal distributions of CpG frequency among gene bodies (Bonasio et al., 2010b; Bonasio et al. 2012; Nanty et al., 2011) .
The honey bee genome has a strongly bimodal distribution of genes that either show an excess or a depletion of CpG sites (Elango et al., 2009; Foret et al., 2009; Yi and Goodisman, 2009; Nanty et al., 2011) . CpG depletion in a subset of honey bee genes suggests that these genes are methylated in the germ line (Elango et al., 2009; Foret et al., 2009; Yi and Goodisman, 2009 ). Indeed, methylation has been identified in honey bee spermatozoa (Nanty et al., 2011) . In the genes examined, the proportion showing methylation and low CpG content was 10-fold higher than the proportion of methylated genes with a high CpG content (Nanty et al., 2011) .
In many species, DNA methylation is used to imprint genes in a parent-of-origin specific manner Brandvain et al., 2011; Holman and Kokko, 2014) . In mammals, differential methylation of imprinted genes is established during gametogenesis. During the very early stages of development, methylation marks are largely stripped from the genome of the embryo (Richards, 2006) , but certain regions of the maternal and paternal genomes retain a parental 'imprint' (Hajkova et al., 2001; Li et al., 2010) . In this way, parents can influence gene expression in their offspring in a parent-specific manner (Ferguson-Smith, 2011; Drewell et al., 2012) . Thus far there is no direct evidence of parental imprinting in the honey bee, but there is growing evidence that parent-of-origin effects occur (Nielsen et al., 1999; Guzmán-Novoa et al., 2005; Oldroyd et al., 2014) . In addition, the caste system may lead to evolutionary conflicts that could provide the conditions for strong selection for the evolution of male-and female-specific epigenetic imprints that would potentially enhance the reproductive success of the parent (Haig, 1992; Queller, 2003; Dobata and Tsuji, 2012; Drewell et al., 2012) .
Here, we investigate genome-wide DNA methylation patterns in three stages of development of honey bee drones (the haploid sons of a single queen): the unfertilised eggs, the thorax of the adults and the spermatozoa. We thus investigated whether germline-specific methylation occurs in the honey bee as predicted (Elango et al., 2009; Drewell et al., 2012) .
RESULTS

Genome-wide DNA methylation patterns in eggs, adult drones and sperm
We sequenced bisulfite-converted DNA from honey bee eggs, drone thoraxes and sperm ( Fig. 1) in three individual sequencing lanes and obtained a dataset of 191 million reads after quality control. Of these reads, 74.5% mapped to unique regions of the genome, which translates into a combined 43× coverage across the genomes from all three samples. The coverage in the individual datasets was generally comparable (supplementary material Fig. S1 ) and allowed us to analyse methylation at the great majority of CpG sites in the genome. For eggs, median coverage of CpGs was eight reads, with 84.5% of sites covered by two or more reads. For drone thoraxes, median coverage was nine reads, with 85.5% of sites covered by two or more reads, and median coverage for sperm was ten reads, with 87.1% of sites covered by two or more reads (supplementary material Fig. S1 ).
Only a small proportion of the cytosines in the genome are methylated, approximately 159,000 in eggs (0.22%), 147,000 in sperm (0.20%) and 108,000 (0.15%) in the drone thorax. Most of the methylation occurs at CpG dinucleotides (Table 1) located in the exons of genes (Table 2 ). This profile mirrors previous observations in adult honey bees (Lyko et al., 2010) and indicates that DNA methylation outside of gene bodies and at non-CpG residues is rare. A very low rate of non-conversion of cytosines in a non-CpG context was detected in all three methylomes. In eggs, 99.66% of the Cs were converted to Ts, in sperm 99.56% and in drones 99.50%. In addition, no single non-CpG site failed to be converted when examined across all three samples (see Table 1 ), suggesting that virtually all cytosines in a non-CpG context in the genome are unmethylated. This finding is in agreement with previously published honey bee studies (Lyko et al., 2010) . The complete dataset of tracks, which can be viewed as an added hub in the honey bee genome browser, showing all significantly methylated sites and the sequence context in the genome, is available at: http://www.cs. hmc.edu/~bush/beeMeth/hub.txt
Of the approximately 20 million CpGs in the genome, there were significant differences in the level of methylation between the three sample types (Table 1; x 2 2 =3242.98, P<0.001). CpG methylation is significantly higher in sperm than in adult drones (x 2 1 =2424.96, P<0.001) and in eggs compared with sperm (x 2 1 =1122.46, P<0.001), despite the fact that there are more sequencing reads in our dataset for sperm (6.5×10 7 ) than for eggs (5.7×10 7 ). A large number (104,115) of methylated CpGs are shared in both egg and sperm cell types and 76,058 are shared in all three samples ( Fig. 2A) . Overall, the two gamete cell types share more methylated CpG sites than either share with the drone thorax ( Fig. 2A ). However, 15% of egg and 13% of sperm methylated CpGs are unique to each gamete type, indicating differential methylation between eggs and sperm.
Identification of differentially methylated genes DMGs in the genome
We examined methylation patterns at all annotated transcription units in the genome. Many genes have coding regions that are completely free of CpG DNA methylation, but slightly more than half have methylated residues (supplementary material Fig. S2 ). Of the 10,738 annotated genes in the genome, 6694 (62%) in eggs, 6044 (56%) in drones and 6445 (60%) in sperm have at least one methylated residue.
In total, there are 7105 genes with at least one CpG with significant methylation in any of the three sample types (eggs, drone thoraxes or sperm) and 5810 with at least one CpG with significant methylation in all three sample types. Many of the most highly methylated genes in each dataset exhibit some level of methylation in all three tissue types examined in this study, as well as in queen and worker brains (Lyko et al., 2010) ; this suggests a core set of genes in the genome that are targeted for methylation irrespective of caste or cell type. Indeed, of the top 20 most methylated genes in eggs, sperm and drones, 17 were shared. Of the 20 most methylated genes in workers, 17 are also among the 20 most methylated in queens (Lyko et al., 2010) . Thirteen genes are common to the top 20 most methylated genes in all five methylomes. Despite these similarities of the methylome profiles in eggs, adult drone thoraxes and sperm, comparison of the methylation patterns in these three genomes identified a number of differentially methylated genes (DMGs) (supplementary material Table S1). A DMG is defined as a gene that has significantly more or fewer methylated CpGs in a particular methylome when compared with one or more of the other methylomes. This was achieved through pairwise comparisons between each pair of samples (e.g. eggs versus drones) using logistic regression, with methylation as the dependent variable taking on one of two values: methylated or nonmethylated, with two categorical variables as predictors: sample type and position in the gene (see Materials and Methods for full details). The significance threshold in all cases was a false discovery rate of 5%. In eggs there are three genes that are significantly less methylated (undermethylated) relative to sperm or the drone thorax and 289 genes are more methylated (overmethylated). In drones, there are 3207 undermethylated genes and 19 overmethylated genes relative to eggs and sperm. In sperm, there are 13 undermethylated genes and 54 overmethylated genes relative to eggs and drone thoraxes (Fig. 2B ). These observations, along with the overall greater level of methylation seen in eggs and sperm compared with drones, indicate a loss of methylation during development of the adult drone and a gain of methylation during spermatogenesis ( Fig. 2B ). However, it is important to stress that the thorax is composed of a number of different cell types, which may harbour distinct methylation patterns. As a result, the thorax methylation profile is a composite of different methylation patterns from different tissues and might not be representative of the methylation profile in the entire adult.
Even though the two gamete samples have more methylation sites in common than they do with the drone thorax, there are significant methylation differences between eggs and sperm, with 381 genes showing differential methylation (Table 3;  supplementary material Table S2 ). Of these DMGs, 320 (84%) were significantly more methylated in eggs than in sperm, whereas 61 (16%) were significantly more methylated in sperm than in eggs ( Fig. 2B) . By contrast to the null hypothesis that DMG frequencies should be equal in the two tissues, significantly more genes are The values represent the percentage of all methylation sites of a given type located in a particular region. For example, 71.75% of all mCpGs in eggs locate in exons. Methylation at non-CpG sites is more prevalent at intergenic and intronic sequences. Methylation at CpGs is over-represented at exons in eggs, sperm and drones. overmethylated in eggs than in sperm (x 2 1 =176.1, P<0.0001). The average number of methylated CpGs in the exons of these DMGs is also higher than that seen in non-DMGs, despite the fact that the average combined length of the exons for each gene is not significantly different between the DMGs and non-DMGs (supplementary material Fig. S3 ). Compared with the 562 DMGs identified in the methylomes of brains from queens and workers (Lyko et al., 2010) , 14% of our egg versus sperm DMGs are present in both comparisons (41 from eggs and 11 from sperm, respectively) (supplementary material Table S2 ).
To address the putative biological roles of the DMGs, we extracted the predicted protein sequence of all DMGs from Beebase and assigned Gene Ontology (GO) terms in Blast2Go based on homology to the top BLAST hit and the corresponding GO annotations for each gene (supplementary material Table S2 ) (Götz et al., 2008) . A GO level 2 analysis revealed that over 50% of DMGs in each comparison were classified in general metabolic, cellular and biological regulatory processes (Fig. 3) . This observation is consistent with other genome-wide methylation studies in honey bees that showed a positive correlation of DNA methylation at genes with general housekeeping functions (Lyko et al., 2010) .
Validation of the methylation profile at individual DMGs
The methylation patterns of the top five DMGs in eggs ( Fig. 4) and sperm (Fig. 5 ) in their genomic context, which shows the exon/ intron structure and a comparison of the methylation sites identified in adult drone thoraxes and in worker and queen brains (Lyko et al., 2010) , reveals that in some cases the differential methylation is extensive. For example, the top-ranked DMG in eggs (GB17165 Stoned B) has extensive methylation at many CpGs in exon 4, intron 4 and exon 5, whereas the number of methylated sites and the level of methylation are lower in sperm and drones (Fig. 6A ). For the topranked DMG in sperm (GB14467 Plod), there is a high level of methylation at CpGs in intron 7, which is greatly diminished in eggs and completely absent in drones (Fig. 6B ). It should be noted that at many of the CpGs that show evidence of methylation the overall level is below 100%, indicating that the residue might not be uniformly methylated in all cells in a particular sample. In future studies, the functional consequences of this potential variability in methylation and the implications for the inheritability of this epigenetic mark should be investigated.
Bisulfite sequencing validation of two of the top five egg DMGs (Stoned B and GB19408 Nac15) was conducted on two replicates of independently collected samples of eggs, drones and sperm. The frequency of methylation in Stoned B (Fig. 7 ; supplementary material Fig. S4 ) and Nac15 (Fig. 8; supplementary material Fig. S5 ) showed similar patterns to the whole genome analysis, with eggs showing extensive methylation relative to sperm and adult drones at a number of CpGs. Curiously, methylation at specific CpGs in Nac15 appeared to be more restricted in drones when compared with the whole genome analysis, suggesting inter-individual variation at certain sites ( Fig. 8 ; supplementary material Fig. S5 ). Although we may expect small scale variation at the individual gene level between biological replicates, as shown by bisulfite PCR validation of these two DMGs, the overall degree of similarity between these independent replicates and the whole genome analysis suggests that the genome-level patterns are valid and that our overall conclusions about germ-line methylation are consistent.
CpG bias and DNA methylation
Calculation of the observed/expected ratio of CpG sites (CpG O/E ) in methylated genes in our egg, drone and sperm samples shows a strong skew towards low CpG frequency (Fig. 9 ). The CpG O/E frequencies in the overmethylated DMGs (see Fig. 2B ) are consistently below 1.0 (egg x=0.55±0.16 s.d.; drone x=0.63±0.15; sperm x=0.58±0.16; Fig. 9A ). If we consider the top 100 ranked genes by proportion of methylated sites in each of the three samples, a similar depletion of CpGs is found (egg x=0.57±0.16; drone x=0.52±0.15; sperm x=0.57±0.15; Fig. 9B ). Our results support the previous observation that hypermethylated genes in the honey bee experience CpG depletion over evolutionary time (Elango et al., 2009; Lyko et al., 2010) . In the case of the egg and sperm DMGs, this result is particularly interesting, as these genes experience alternative methylated epigenetic states as they pass through the two different germ lines.
DISCUSSION
Distinct methylation profiles from eggs to adult drone thorax to sperm
Our genome-wide DNA methylation data in eggs, drones and sperm indicate a dynamic cycle of methylation through the development of the drone, with a number of methylation marks present in eggs being lost in the adult thoracic tissue, and a subsequent gain in methylation at the same CpG residues during spermatogenesis. Some similarities between eggs and sperm may be due to retention of these marks throughout development from the embryo, in cells destined to become the adult drone germ line and in sperm precursors. However, it should be noted that whereas the adult drones develop from unfertilised eggs, our study did not allow us to track the potentially dynamic changes in the methylome throughout development. It is therefore possible that the methylation pattern in the drone thorax genome is derived entirely independently of the methylation patterns observed in the germ line. The methylation patterns observed in the adult drone thorax are not necessarily representative of total adult drone methylation; however, the inclusion of these data served as a 'non-germ line' haploid tissue Fig. 4 . Annotation of the CpG methylation patterns in the top five DMGs in eggs compared with sperm. Comparison of egg, sperm and drone methylation levels (blue, green and red, respectively) with those found in queen and worker brains ( purple and orange, respectively) (Lyko et al., 2010) . Exons are indicated in grey.
for the purposes of our comparisons. The 13% of sites methylated in sperm but unmethylated in drones and eggs indicate that a substantial proportion of CpGs are methylated in a paternalspecific manner during spermatogenesis.
As with diploid queen and worker brains (Lyko et al., 2010) , the methylomes of haploid eggs, drone thoraxes and sperm show that the majority of DNA methylation occurs at CpG sequences and in the exons of protein-coding genes. Despite these overall similarities, there are genes that show differential patterns of methylation between the three haploid genomes. Specifically, there are 54 genes that appear to gain CpG methylation in sperm relative to the drone thorax and the eggs from which they developed [ Fig. 2B and Fig. 3D ; supplementary material Table S1 (SpermOver)]. We also found 13 genes for which mature sperm show a significant loss of methylation relative to drone thoraxes and eggs (Fig. 2B ). This loss of methylation in sperm suggests that males can either erase or passively lose maternallyor developmentally-derived methylation marks from selected genes. The majority (307/320) of DMGs with higher methylation levels in eggs than in sperm show methylation patterns in drones that are more similar to sperm than to eggs (supplementary material Table S1 ). This suggests extensive loss of methylation from the egg and during development of the thoracic tissue in the adult drone. Correspondingly, there are 3207 DMGs that are undermethylated in drones relative to eggs and sperm. Only 13 of the 320 DMGs with higher methylation in eggs than in sperm show methylation patterns in drones that are more similar to eggs than to sperm (supplementary material Table S1 ). For these genes, this profile suggests retention of methylation marks acquired from the unfertilised egg during embryogenesis through to the adult drone thorax and loss during spermatogenesis. Intriguingly, this epigenetic reprogramming pattern is the same as that observed for a number of CpGs at imprinted genes in the paternal germ line of mammals (Ferguson-Smith et al., 2004) .
Potential roles of gamete methylation and demethylation in the honey bee
In mammals, DNA methylation facilitates cellular differentiation (Lister et al., 2009) , and reprogramming of methylation is thought to underlie embryonic stem cell totipotency (Smallwood and Kelsey, 2012) . A functionally dynamic role for methylation in insect embryogenesis is becoming increasingly clear (Zwier et al., 2012) . Waves of methylation and demethylation during the early stages of embryogenesis may manifest as detectably higher numbers of individual methylated sites in eggs relative to other tissues. However, gain or loss of methylation in spermatozoa Comparison of egg, sperm and drone methylation levels (blue, green and red, respectively) with those found in queen and worker brains ( purple and orange, respectively) (Lyko et al., 2010) . Exons are indicated in grey.
relative to both eggs and adult drones might be preliminary evidence of paternal-specific marking of gametes, potentially explaining strong parent-of-origin effects in inter-subspecies crosses (Oldroyd et al., 2014) . Our study provides a candidate set of 61 genes in which there is an increase in methylation in sperm relative to eggs. It would therefore be intriguing to fully investigate the parent-of-origin methylation patterns and the functional role of these genes in future studies. 
MATERIALS AND METHODS
DNA sources
Honey bee queens have strict control over whether or not they fertilize their eggs (Ratnieks and Keller, 1998) , and thus eggs harvested from the larger cells used for drone rearing are unfertilized haploid eggs that develop as males. We harvested (Evans et al., 2010) 600 eggs 24-36 h old from drone-sized cells from a single honey bee queen in two batches in September 2011. At this age the blastoderm is formed and the germ layers are beginning to form (Nelson, 1915) . A cohort of the same eggs were allowed to develop to adulthood, and we harvested a total volume of 40 μl of semen from 40 of these males (approximately 1 μl from each) when they were 20 days old (Harbo, 1986) (Fig. 1) . Males were confined to the colony, and other males were prevented from entering by a grid that allowed workers, but not the larger drones, to pass.
Fresh semen was suspended in 10 mM Tris/EDTA buffer containing 6.25 mM proteinase K (Qiagen) for two hours at 56°C with shaking prior to DNA extraction using a DNeasy Blood and Tissue Kit (Qiagen). The final yield was 8.9 μg DNA. Frozen eggs were suspended in 10 mM Tris/EDTA buffer, treated with 2 mg/ml RNase (Qiagen) for 2 min, followed by proteinase K (Qiagen) treatment and extraction as described above. The final yield was 6.3 μg DNA. A subset of three drone thoraxes was used to obtain DNA for the adult drone methylome. Each thorax was lysed in a tissue lyser, suspended in 1 ml of G2 buffer (Qiagen) and treated with RNase (1 mg/ml; Qiagen) for 15 min, followed by incubation with proteinase K (18 mg/ml; Roche) for 6 h, prior to purification with Genomic-tips 20/G (Qiagen). The final yield was 11.9 μg DNA.
Sequencing of bisulfite converted DNA libraries
Library construction, bisulfite conversion and sequencing were performed at the Beijing Genomics Institute, China. DNA was fragmented into 100-300 bp fragments by sonication (S-2; Covaris). The fragmentation parameters were: Fig. 8 . Bisulfite sequencing of the CpG methylation profile of the top DMG (GB19408 n-acetyltransferase 15-like) in eggs and drones compared with sperm. Comparison of the egg, sperm and drone methylation sites (blue, green and red, respectively) obtained from (A) whole genome bisulfite sequencing with (B) the methylation detected in bisulfite PCR, from two independently collected egg, drone and sperm samples. Methylated CpG residues are indicated by filled circles. Exons are indicated in grey. duty cycle 10%; intensity: 5; cycles/burst: 200; cycles: 16; total fragmentation time: 960 s. Fragmentation was confirmed using a 2100 Bioanalyzer (Agilent). Fragments were end repaired (Illumina) as recommended by the manufacturer. Repaired fragments were ligated with methylated sequencing adaptors using a paired end adaptor oligo kit and oligo mix (Illumina). Ligated fragments were selected by gel electrophoresis and fragments of 360 bp size extracted using a QIAquick gel extraction kit (Qiagen).
Size-selected fragments were bisulfite treated using an EZ-DNA methylation kit (Zymo Research) and enriched using a MethylMiner methylated DNA enrichment kit (Invitrogen). Libraries were amplified using T4 polymerase (Enzymatics) and sequenced on an Illumina HiSeq platform.
Sequence analysis and mapping of DNA methylation
Data were filtered to remove adaptor sequences, duplicate sequences, contamination and low quality reads using BGI software. For methylation analysis we followed Lyko et al. (2010) . Briefly, we mapped our reads onto the A. mellifera genome assembly 2.0 using BSMAP version 2.4 with seed size 12 and a maximum of five allowed mismatches (Weinstock et al., 2006; Xi and Li, 2009) . We considered only those reads that mapped uniquely, bases within reads that had a quality score of 20 or more and that were next to three matches with quality scores of at least 15 (Altshuler et al., 2000) . From these data we determined the number of converted and unconverted reads at each C position in the honey bee assembly, accounting for the fact that each read comes from a bisulfite reaction on one or the other strand. To estimate the rate of bisulfite conversion in non-methylated bases in our experiments, we examined the rate of C-to-T conversion at cytosines that were not in a CpG context. Virtually all of these cytosine residues are unmethylated in honey bees (Lyko et al., 2010) . In our egg data, 99.66% of these residues were converted to T, 99.56% in our sperm data and 99.50% in drones.
To identify individual cytosines that were methylated, we compared the number of converted and non-converted reads at each CpG site. We asked how likely these counts were under a binomial distribution, in which the probability of success is one minus the conversion rate, as calculated above for non-CpG sites. We then corrected this probability value for multiple testing, using the method of Benjamini and Hochberg, with a false discovery rate (FDR) threshold of 5% (Benjamini and Hochberg, 1995) .
We also sought to identify genes with changed methylation levels between the three groups. Genes were identified from annotations in the A. mellifera official gene set, pre-release 2. We next performed pairwise comparisons between each pair of samples (e.g. eggs versus drones), using logistic regression with methylation as the dependent variable taking on one of two values: methylated or not-methylated. Two categorical variables were used as predictors: sample type and position in the gene. The position variable had a category for every nucleotide position in the gene with read information. After correcting for multiple testing, this allowed us to identify genes with significantly more methylation in one sample than in another. In cases of complete or quasi-complete separation, we used Firth logistic regression, as implemented in the logistf package in R (Heinze and Ploner, 2004) . After performing such an analysis for all three pairs of sample types, we identified cases in which a gene was significantly more (or less) methylated in one sample than in the other two. In all cases the significance threshold was an FDR of 5%.
Bisulfite PCR validation
Bisulfite PCR was conducted on two independent samples of haploid eggs, drone thoraxes and semen collected from two genetically distinct colonies. A drone comb was placed into a hive, removed after 24 h and placed in an incubator for 24 h. Between 120 and 150 eggs were sampled, along with six to ten drones and their semen. DNA was extracted from eggs, drone thoraxes and sperm (Qiagen DNeasy Blood and tissue kit) and a bisulfite conversion was conducted (Zymo EZ DNA Methylation-Direct kit) according to the manufacturers' instructions. Nested primers were designed based on bisulfite-converted DNA sequences and PCR products were amplified in a two-step process (see Table 4 for details). Products were TOPO cloned (Invitrogen), and ten individual amplicons were sequenced (Macrogen) to determine the methylation frequency in each sample.
CpG sequence bias analysis
The CpG observed/expected (CpG O/E ) ratio for each gene was calculated as described by Elango et al. (2009) . 
